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Animals respond to whole-field visual motion with
compensatory eye and body movements in order to
stabilize both their gaze and position with respect
to their surroundings. In zebrafish, rotational stimuli
need to be distinguished from translational stimuli
to drive the optokinetic and the optomotor re-
sponses, respectively. Here, we systematically char-
acterize the neural circuits responsible for these
operations using a combination of optogenetic
manipulation and in vivo calcium imaging during
optic flow stimulation. By recording the activity of
thousands of neurons within the area pretectalis
(APT), we find four bilateral pairs of clusters that pro-
cess horizontal whole-field motion and functionally
classify eleven prominent neuron types with highly
selective response profiles. APT neurons are preva-
lently direction selective, either monocularly or
binocularly driven, and hierarchically organized to
distinguish between rotational and translational
optic flow. Our data predict a wiring diagram of a
neural circuit tailored to drive behavior that compen-
sates for self-motion.
INTRODUCTION
Animals rely on optic flow signals generated by the movement of
their bodies relative to the visual surroundings to orient and navi-
gate within their environment. Frequently, to compensate for
perceived self-motion, they employ stabilization behaviors.
Two prominent examples of such behavior in zebrafish are the
optokinetic response (OKR), a behavior in which the eyes
move to hold the gaze steady (Brockerhoff et al., 1995; Huang
and Neuhauss, 2008), and the optomotor response (OMR), by
which the animals actively swim to stabilize their position with
respect to a drifting visual background (Neuhauss et al., 1999;
Orger et al., 2000).
The perception of optic flow, which underlies the OKR and
OMR, is mediated by direction-selective (DS) cells, which are1344 Neuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc.characterized by their asymmetrical responses to stimuli mov-
ing in different directions. DS cells are found at many levels in
the visual system. In the retina, direction selectivity is imple-
mented in retinal ganglion cells (RGCs) (Barlow and Hill,
1963; Nikolaou et al., 2012; Vaney et al., 2012). Within the
subcortical areas, DS cells are abundant in the pretectum in
the diencephalon and the accessory optic system (AOS). These
regions receive direct inputs from RGCs in the contralateral
retina, as has been shown in a range of vertebrate species
(Scalia, 1972; Montgomery et al., 1981; Vanegas and Ito,
1983; Karten et al., 1977). In teleosts, a single pretectal area
(area pretectalis [APT]) encodes the two horizontal (nasalward
and temporalward) and two vertical (up and down) motion di-
rections (Klar and Hoffmann, 2002; Masseck and Hoffmann,
2009a, 2009b). Brain nuclei that respond to ipsiversive optic
flow (i.e., grating motion toward the side of the brain in which
the recording was carried out) include the nucleus of the optic
tract (NOT) and the dorsal terminal nucleus (DTN) in mammals
and the nucleus lentiformis mesencephali (LM) in amphibians,
reptiles, and birds. Lesions of these nuclei abolish the OKR to
ipsiversive optic flow (Cazin et al., 1980; Gioanni et al., 1983;
Kato et al., 1988; Precht and Strata, 1980; Schiff et al., 1990).
Electrical stimulation, on the other hand, elicits an ipsiversive
OKR in the absence of visual stimulation (Collewijn, 1975; Schiff
et al., 1988). These findings indicated that the ipsiversive
responsive cells in the pretectum/AOS mediate the horizontal
OKR (Masseck and Hoffmann, 2009b). Neurons that respond
to contraversive motion have not been found in the mammalian
pretectum/AOS but are present in teleost fish (Masseck and
Hoffmann, 2009b).
It is unclear how optic flow information is used to drive OKR
and OMR. In lateral-eyed animals, the motion information in
the two eyes could be compared to distinguish rotational optic
flow from translational optic flow, and this operation would
require neurons with binocular receptive fields. Pretectal binoc-
ularity could arise by commissural connections within the pre-
tectum itself (Ferrari et al., 2009; Pereira Ju´nior et al., 1994;
Pereira et al., 2000; Reber et al., 1991) or via input from a higher
center, like the visual cortex in mammals (Markner and Hoff-
mann, 1985). Fish have completely crossed optic chiasms, and
binocular APT neurons are apparently rare. This has led to the
proposal that binocular information is integrated downstream
of visual brain areas, in brain structures such as the inferior olive
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2009a). Whether and how pretectal neurons are involved in the
discrimination of rotation from translation is therefore poorly
understood.
In zebrafish, the OMR and OKR have widely been used as
readouts for visual function in mutagenesis screens (Brockerh-
off et al., 1995; Muto et al., 2005; Neuhauss et al., 1999), yet
the brain structures mediating these behaviors have not been
identified. Intriguingly, fish perform the OKR in response to rota-
tional motion and the OMR mainly in response to translational
motion, and thus, rotation and translation are tightly linked
with different behavioral output. Here we took advantage of
recent advances in optogenetics and functional imaging (Baier
and Scott, 2009; Wyart and Del Bene, 2011; Del Bene and
Wyart, 2012; McLean and Fetcho, 2011). We first functionally
localized the APT using optogenetic gain-of-function and loss-
of-function manipulations. Subsequently, we performed in vivo
two-photon calcium imaging (Euler et al., 2009; Renninger and
Orger, 2013) using the genetically encoded calcium indicator
GCaMP5G (Ahrens et al., 2013; Akerboom et al., 2012) in
conjunction with rotational and translational optic flow stimuli.
The large population size that can be sampled by functional
imaging of the small, transparent larval brain enabled us to
systematically characterize the response properties of APT
neurons. We discovered an array of highly specific response
types that had apparently been missed by previous electro-
physiological studies in other species. The new classes include
cells that process binocular translational or binocular rotational
stimuli via excitatory or inhibitory interactions. Neurons with
similar response profiles are clustered in overlapping spatial
domains within the APT. Our analysis predicts a detailed wiring
diagram of the larval zebrafish APT that drives horizontal eye
movements.
RESULTS
Optogenetic Perturbations Show that the Pretectum Is
Necessary and Sufficient for the OKR
We tested the contribution of the pretectum to the OKR in
larval zebrafish by targeted optogenetic stimulation of candidate
brain volumes. The Gal4s1101t enhancer-trap line was used
to drive expression of the light-activatable cation channel
channelrhodopsin2 (ChR2) in almost all neurons of the CNS
(Arrenberg et al., 2009). Fish larvae (5–6 days postfertilization)
were mounted in agarose, with the eyes free to move. An optic
fiber was positioned in parallel to the fish’s body axis and angled
horizontally (Figure 1A). When, in the absence of visual stimula-
tion, a pretectal area in Gal4s1101t; UAS:ChR2-mCherry fish
was unilaterally stimulated (488 nm) for 10 s, both eyes per-
formed conjugate movements toward the ipsilateral side of the
fiber stimulation, which were followed by a rapid eye movement
in the opposite direction, and the eye movements in the alter-
nating directions were repeated during illumination (Figure 1A;
Movie S1 available online). We did not observe this effect when
a similar volume of tissue was stimulated in the tectum (Fig-
ure 1A). The average velocity of the slow phase was strongly
dependent on the laser power (R2 = 0.9512), while the amplitude
did not show a strong correlation (R2 = 0.3412) (Figures 1B and1C). The eye velocity of the ChR2-induced, slow-phase eye
movements was within the range of that seen during the OKR
(5/s to 30/s, depending on the stimulus velocity) (Huang
et al., 2006; Qian et al., 2005). Together, the conjugate slow
and fast eye movements in opposing directions closely resem-
bled the OKR.
To visualize the pretectal area in which ChR2 stimulation
induced OKR-like eye movements, we photoconverted Kaede
through the optic fiber (405 nm) in Gal4s1101t; UAS:ChR2-
mCherry; UAS:Kaede triple transgenic fish following ChR2 stim-
ulation. We observed a column of photoconverted cells that
included a region in the ventral midbrain/diencephalon below
the tectum (Figures 1D–1E). This area roughly corresponded to
one of the arborization fields of RGC axons, AF9, as labeled in
Atoh7:Gal4; UAS:Dendra fish (Figure 1F) (Burrill and Easter,
1994). The photoconverted region did not reach the hindbrain
due to the angled orientation of the optic fiber.
We next tested if the pretectal area is necessary for the OKR
using a line expressing UAS-linked halorhodopsin in combina-
tion with the same Gal4 driver line to silence neural activity in
the larval brain (Arrenberg et al., 2009). We presented a moving
grating to one eye in order to drive the OKR. As reported previ-
ously, monocular presentation of the OKR stimulus evoked
yoked movements of both eyes (Qian et al., 2005; Rinner et al.,
2005). Upon illumination (633 nm) of the pretectal area contralat-
eral to the stimulated eye (Figure 1G), the slow-phase eye move-
ments of the OKR were bilaterally stalled. Illumination of the
tectum in experimental animals or illumination of the pretectum
in control animals (Gal4s1101t; UAS:Kaede) did not affect the
OKR (Figures 1G and 1H). Our ChR2 and NpHR experiments
indicate that the pretectal area is necessary and sufficient for
the OKR.
Optic Flow Stimuli Evoke Direction-Selective
Responses in the Pretectum
We next asked whether and how the pretectum physiologically
responds to whole-field motion. A HuC:GCaMP5G transgenic
line (Ahrens et al., 2013) was used to express the genetically
encoded calcium indicator GCaMP5G in the majority of
neurons. We systematically imaged the pretectum region at
12–15 equally spaced (5 or 10 mm) dorso-ventral levels span-
ning about 70 mm in depth and presented gratings that moved
in either a clockwise (CW) or counter-clockwise (CCW)
direction at different temporal frequencies (Figure 2A). To
identify neurons that respond to the visual stimulus in an unbi-
ased manner, we applied the pixel-by-pixel regression-based
approach described previously (Miri et al., 2011). This allows
a semiautomatic identification of image pixels whose fluores-
cence time series is correlated with a particular time-varying
variable (called regressor). To identify pixels that are responsive
to the CW or CCW motion, we used a regressor that equaled
1 during CW motion and 1 during CCW motion (see Experi-
mental Procedures). Furthermore, the regressor was convolved
to account for the slow kinetics of the GCaMP5G signal
(Figure 2A, DS regressor). Subsequently, regions of interest
(ROIs) were drawn manually over contiguous areas of identified
pixels that corresponded to the outline of a cell. We refer
to these ROIs as ‘‘cells’’ here, although it is possible that aNeuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc. 1345
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Figure 1. Optogenetic Manipulations of the Pretectal Area during OKR
(A) Angular eye position during ChR2 stimulation in the pretectal (top) and tectal (bottom) area. Blue-shaded regions depict the epoch of ChR2 stimulation (power
density = 18 mW/mm2). Schematics of optical stimulation are shown on the right. An optic fiber (diameter 50 mm) was positioned in parallel to the fish’s lon-
gitudinal axis and angled ventrally. For tectum stimulation, the optic fiber was shifted laterally and posteriorly compared to the pretectum stimulation. LE indicates
left eye; RE indicates right eye.
(B and C) Velocity and amplitude of slow-phase eye movements evoked by ChR2 stimulation as a function of laser power density. Right and left stimulations
were pooled, and the eye contralateral to the stimulated side was measured (n = 6 fish). **p < 0.01; *p < 0.05; paired t test against the lowest laser power density.
R2 indicates square of Pearson’s correlation coefficient.
(D) Confocal z projection of a Gal4s1101t; UAS:ChR2-mCherry; UAS:Kaede fish in dorsal view (top) and side view (bottom). Kaede was locally photoconverted
(red) in the left pretectum.
(E) Single optical section (3.6 mm) of the photoconverted area; corresponding to the white box in (D) in dorsal view (left). A frontal view at the level of dashed line is
shown on the right.
(F) Photoconversion of RGC axons. Confocal z projection of an Atoh7:Gal4;UAS:Dendra larva after photoconversion using a 50 mm optic fiber in dorsal view (top
panel) and side view (bottom panel). Photoconverted Dendra (red) was detected in AF9 and the deepest layer of the tectum (which receives projections from
RGCs that project to AF9), whereas AF7 and most of the tectum (AF10) remained unconverted (green).
(G) Representative eye traces of an NpHR-stimulated animal during OKR. Red-shaded regions indicate the epoch of NpHR stimulation (633 nm;140mW/mm2).
Schematics of visual and optical stimulations are shown on the right.
(H) Slow-phase velocity of the OKR under laser off and on conditions (n R 6 fish for each condition). The eye contralateral to the NpHR-stimulated side was
measured. **p = 0.00064, paired t test. A indicates anterior; P indicates posterior; D indicates dorsal; V indicates ventral; M indicates medial. Error bars indicate
SEM. Scale bars show 100 mm (D–F).
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Optic Flow Processing in the Zebrafish Pretectumfraction of the ROIs contain signals of neighboring cell
somata or neurites (Figure S1). We first imaged calcium
responses in an agarose-embedded fish with the eyes free
to move during optic flow stimulation, while simultaneously1346 Neuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc.tracking the eye movements. By applying the regression-based
method, we successfully found cells correlated with the visual
stimulus or with both the visual stimulus and the eye position
(Figure S2).
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Figure 2. Calcium Imaging of the Pretectum
Reveals High Degree of Direction Selectivity
during Whole-Field Motion
(A) Illustration of the stimulus protocol for two-
photon calcium imaging during simultaneous visual
stimulation. (Top) An LED arena surrounding the fish
was used for visual stimulation. The green box
shows the approximate region imaged in (B). (Mid-
dle) Stimulus directions were alternated (CW or
CCW) and had varying temporal frequencies (TF,
0.5–12 cycles/s). (Bottom) A direction-selective (DS)
regressor was built from the stimulus protocol.
(B) 2D map of image pixels that are correlated with
the DS regressor, superimposed on an optical
section of the HuC:GCaMP5G transgenic animal.
Pseudocolor scale shows the local correlation to the
DS regressor (Z score, see Experimental Pro-
cedures for details). A: anterior; P: posterior;
R: right; L: left.
(C) Fluorescence (DF/F) traces during the visual
stimulus presentation. The cell numbers correspond
to the ones in (B). Cell 4 responded during CW
rotation, whereas cell 7 responded during CCW
rotation. Both cells responded to temporal fre-
quencies ranging from 0.5 to 7 cycles/s and less so
to 12 cycles/s.
(D) (Top) Tuning curve of the cell plotted at the
bottom of (C) during the CW (red) and CCW (blue)
stimulations. The gray line indicates the threshold
used for DSI calculation (see Experimental Pro-
cedures). (Bottom) Histogram showing the distri-
bution of peak temporal frequencies per fish (n = 7
fish).
(E) 3D reconstructed map of CW- and CCW-
responsive cells. Each dot represents a cell and is
color-coded according to its direction selectivity
index (DSI). Coordinates are defined as distances
relative to the anterior-dorsal edge of neuropils
in the diencephalon (anterior-posterior axis and
dorso-ventral axis) and midline (left-right axis).
dEMN indicates dorsal extraocular motor neurons;
vEMN indicates ventral extraocular motor neurons;
together, dEMN and vEMN correspond to the
trochlear and oculomotor nuclei; nMLF indicates
nucleus of the medial longitudinal fasciculus. Cells
cluster in four anatomical regions (see Results):
AMC, ALC, AVC, and PDC. (Lower right) Histogram
of DSIs per fish (n = 7 fish). Error bars indicate SEM.
Scale bar shows 50 mm. See also Figures S1–S4.
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Optic Flow Processing in the Zebrafish PretectumTo abolish any motion artifacts induced by eye movements,
we switched to a paralyzed preparation (see Experimental Pro-
cedures). Figure 2B shows an example recording of bilateral
fields below the tectum, which contain AF9. Cells with CW (pos-
itive) and CCW (negative) correlations were located in close
proximity to the neuropil (Figure 2B). In a typical example, one
cell preferred CW motion, whereas a neighboring cell on the
same side preferred CCW motion (Figure 2C; Movie S2). Their
response magnitudes were often modulated by the temporal
frequencies of the visual stimulus (Figures 2C and 2D). We
measured the temporal frequency tuning of all cells identified
by the DS regressor (n = 2,543 from seven fish) and found thatthe majority of them (83%) were maximally responsive to 2 or 4
cycles/s in either CW or CCW motion (Figures 2D). To quantify
the direction tuning of pretectal cells, we calculated a direction
selectivity index (DSI) of the calcium responses at the temporal
frequency where the tuning curve of a cell reaches its peak
(peak TF). For 97% of the identified cells, the absolute DSI (jDSIj)
was greater than 0.35 (Figures 2E). To exclude the possibility that
the DS regressor introduces a bias in favor of isolating cells that
have high jDSIj andmissing cells with low jDSIj, we used another
regressor as a main regressor, which had a value of +1 for both
CWandCCWstimulations (motion-sensitive [MS] regressor, Fig-
ure S3). The MS regressor identified more cells with low jDSIj inNeuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc. 1347
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Optic Flow Processing in the Zebrafish Pretectumcomparison to the DS regressor, as expected. However, there
were still more cells with high jDSIj than cells with low jDSIj, re-
sulting in a bimodal distribution. Our results show that the vast
majority of MS cells in the pretectal area are highly direction
selective.
Neurons with DS Responses Are Spatially Organized in
the Pretectum
To map the positions of CW- and CCW-responsive cells, we
registered each calcium imaging plane within the fish’s com-
plete brain and mapped cell positions relative to the AF9
containing neuropil (see Experimental Procedures). The dorso-
rostral edge of the AF9 containing neuropil was defined as the
origin of the reference system. We included the following oculo-
motor-related nuclei as anatomical landmarks in the 3D maps:
nucleus of the medial longitudinal fasciculus (nMLF), as labeled
by backfilling from the spinal cord, and the oculomotor nucleus
and trochlear nucleus, both as labeled in the isl1:GFP transgenic
line (Higashijima et al., 2000) (Figures 2E and S4). In the recon-
structed map, CW- and CCW-correlated cells were distributed
in four mirror-symmetrical pairs of clusters, which we termed
anterior medial cluster (AMC), anterior lateral cluster (ALC),
anterior ventral cluster (AVC), and posterior dorsal cluster
(PDC) (Figure 2E; Movies S3 and S4). The AMC covers a rela-
tively large volume surrounding the dorsal diencephalic neuro-
pils (anterior-posterior [AP] axis = 40 to 140 mm caudal of
the origin; left-right [LR] axis = 0 to ± 90 mm; dorso-ventral
[DV] axis = 50 to 50 mm), and the PDC is located 90 mm
caudal of the AMC, overlapping largely with the trochlear and
oculomotor nuclei, and partially with the nMLF. The ALC and
AVC occupied smaller volumes lateral and ventral to the dience-
phalic neuropils, respectively. The spatial distribution of the
clusters was highly consistent across all fish examined, while
the positions of cells within the clusters were variable (n = 7)
(Figure S3G).
When all the identified cells were merged in one map, a
topographic organization was evident within the AMC and
ALC (Figure 2E). In the AMC, the ipsiversive responses (CW
response in right AMC and CCW response in left AMC) were
represented more anteriorly than the contraversive responses
(Figure S3E). In the ALC, the ipsiversive populations were
positioned ventrally to the contraversive ones (Figure S3F). In
contrast, the PDC and the AVC consisted almost exclusively
of contraversive populations. These results demonstrate that
CW- and CCW-responsive cells are distributed in a spatially
organized manner in the midbrain and diencephalon. While
the boundaries of the pretectum are not established in larval
zebrafish (Lauter et al., 2013; Puelles and Rubenstein, 2003),
based on position and function of AMC, ALC, and AVC,
we will collectively refer to these three clusters as APT here.
The PDC appears to lie outside of the APT proper (see
Discussion).
Neuronal Responses Match Simple Combinations of
Eye-Specific, Direction-Selective Response Properties
While rotational motion (CWorCCW) elicited strong responses in
many neurons, it was unclear whether individual cells were
monocularly driven (i.e., only responding to the stimulation of1348 Neuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc.one eye) or binocularly driven (i.e., responding to the stimulation
of both eyes). Furthermore, in the above protocol, no distinction
could be made between responses to rotation and translation.
We therefore designed a stimulus protocol that consisted of
eight motion phases to test the complete horizontal motion
repertoire. Moving gratings were first presented to only one
eye at a time in either nasalward (N) or temporalward (T) direc-
tion, and then both eyes were stimulated with rotational (CW
and CCW) and translational (forward [FW] and backward [BW])
motions at a temporal frequency of 4 cycles/s (Figures 3A and
3B). In order to detect cells that were active during any of the
eight stimulus phases, we used a regressor in our analysis that
was ON during motion stimulation and OFF during motionless
stimulation (Figures 3C and 3D).
In a typical recording, calcium traces of identified cells
showed diverse, but consistent, response patterns depending
on the stimulated eye(s) and the direction of motion (Figure 3D).
Most cells were selectively responsive to a subset of the eight
stimulus phases and nonresponsive to others. This observation
prompted us to systematically classify cells based on their
different combinations of responses to the eight stimulus
phases: we designed a panel of regressors, which represents
all possible (All-or-None) combinations of the eight stimulus
phases. This resulted in 28 = 256 regressors (Figure 4A). We
then performed correlation analysis for each cell against all
256 regressors and determined the regressor that the cell is
most correlated with (referred to as ‘‘best regressor’’). Cells
were subsequently classified by the identity of their best regres-
sor (see Experimental Procedures).
Cells generally show high correlation coefficients between
their calcium responses and best regressor (i.e., the median cor-
relation coefficient of all cells is 0.715, ranging from 0.297 to
0.952) (Figure S6). The distribution of cells classified by the
best regressor (response type) was highly nonrandom and dis-
played distinct peaks (n = 3,015 cells, six fish) (Figure 4A), sug-
gesting that the pretectal area is geared toward particular
computations. Sorting response types by their abundance (Fig-
ure 4B) showed that only a small fraction of possible combina-
tions are frequently observed in the pretectum. Almost half of
the response types are represented by no, or very few, cells
(equal to or less than one cell per fish for about 120 response
types).
A Limited Number of Logical Operations Account for a
Rich Repertoire of Response Types
We reasoned that the response types described by the 256 re-
gressors can be explained by combinational logic. Analogous
to digital electronics, simple logical operators might be em-
ployed to construct a particular output from the retinal inputs.
The inputs are the four basic motion stimuli (nasalward motion
in the left eye [NL], temporalward motion in the left eye [TL],
nasalward motion in the right eye [NR], and temporalward mo-
tion in the right eye [TR]), and the basic logical operators are
AND (^), OR (n), and NOT (:). The neuronal response to any
monocular or binocular motion stimuli can then be described
as the output from a set of logical operations. For example, a
response to the nasalward motion in the left eye (NL/), as
well as to the CW and FW phases, can simply be explained
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Figure 3. Calcium Imaging of HuC:GCaMP5G Fish in Response to Monocular and Binocular Stimulation
(A) Schematic diagram of the experimental setup. The fish’s central visual field (45) was masked to avoid stimulation of the binocular visual field. The green box
shows the approximate region imaged in (C). Each half of the LED arena was rotated in nasalward (N) or temporalward (T) direction.
(B) Visual stimulation protocol. NL/ indicates nasalwardmotion to left eye; TL/ indicates temporalwardmotion to left eye;/TR indicates temporalward motion
to right eye; /NR indicates nasalward motion to right eye; CCW indicates counter-clockwise; CW indicates clockwise; FW indicates forward; BW indicates
backward.
(C) Z score map of an example recording showing motion-correlated pixels colored in red/yellow. The main regressor used for analysis is shown in the top row of
(D). A indicates anterior; P indicates posterior; R indicates right; L indicates left.
(D) Example fluorescence (DF/F) traces (colored lines) from the single recording in (C). The eight different stimulus phases (shown in gray vertical bars) were
repeated three times in one recording. Cell numbers correspond to the labels in (C). The best-performing regressor traces (gray lines, see Results) are overlaid on
DF/F traces. Correlation coefficients with the corresponding regressors are given in parentheses. Scale bar shows 50 mm.
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Optic Flow Processing in the Zebrafish Pretectumby NL input (Figure 4C). Likewise, a response type that is
active during the NL/ and FW phases can be explained by
an AND operation of NL and negated TR, described in Boolean
logical operations as (NL ^ :TR) (Figure 4C). This digital logic
analysis allowed us to estimate the degree of complexity of
the response types by determining the minimal number of
logical operations that are required to construct the observed
responses.
Using the Quine and McCluskey algorithm to minimize Bool-
ean functions (see Experimental Procedures), we found that
the 256 theoretically possible response types require between
zero and 19 logical operations (Figure 4D; Table S1). We then
quantified the number of cells according to the number of logical
operations required to create the response type. The vast major-
ity of identified cells (93%) required zero to five logical operations
(Figure 4E). These results suggest that the horizontal optic flowresponse profile of almost every pretectal cell can be accounted
for by a handful of logical operations.
The APT Predominantly Contains Monocular DS Cells
and Cells that Distinguish between Rotation and
Translation
The 256-regressor analysis yielded a systematic classification
of diverse response types. We next decided to further catego-
rize and name response types according to their functional
implications (Figure 5A; Table 1). The ‘‘simple’’ category in-
cludes response types that do not require any NOT logical
operators: (1) monocular DS cells, consisting of four response
types that respond to either nasalward or temporalward
motion presented to either left or right eye; (2) binocular DS
cells, receiving information from both eyes but preferring
one direction over the other; and (3) non-DS, MS cells (seeNeuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc. 1349
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Figure 4. Distribution of Neuronal Response Types and Computational Complexity
(A) A histogram showing the number of cells per fish classified according to the 256 possible response types. The white-and-black plot below the histogram
illustrates the response profile of each regressor identity/response type. Each vertical 1 3 8 line represents one response profile, and the squares indicate
whether the response type is active (black) or inactive (white) during the stimulus phases indicated on the right. The copper-colored line shows the computational
complexity of the response type, as in (D).
(B) The histogram from (A) sorted by abundance of the response type.
(C) Three examples, illustrating the combinational logic of response types. (Left) This type responds to NL/, CW, and FW stimulations and thus is active
whenever the left eye is stimulated nasalward. (Middle) This type responds to NL/ and FW stimulation; therefore, it is activated by NL and suppressed by TR,
requiring two logical operations (AND (^) and NOT (:)). (Right) This type responds to NL/ and all binocular stimulations; four logical operations are needed to
generate this response profile. ^ indicates AND;n indicates OR; : indicates NOT.
(D) Quantification of regressor complexity. The 256 possible response types are binned according to the number of logical operations needed.
(E) Histogram of the number of cells per fish versus the number of logical operations. The color code (blue, green, and red) in (A–D) corresponds to the one used in
Figure 5A. Error bars indicate SEM. See also Figures S5 and S6 and Table S1.
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Optic Flow Processing in the Zebrafish PretectumTable 1 for detailed descriptions of each response group). The
response properties of these cells can be explained by direct
input from DS RGCs and do not require further (inhibitory) pro-
cessing. Despite their computational simplicity in our experi-
mental paradigm, these cells might be more intricate regarding
other properties (e.g., receptive field size). In the simple
response category, the binocular DS group was much less rep-
resented than the monocular DS group, indicating that most
simple cells receive input from just one eye. Also, the monoc-
ular DS group was larger than the non-DS group, consistent
with our results showing that most cells are directionally tuned
(see Figure 2E).
The second category consists of four groups that show dedi-
cated responses to one of the four binocular stimulation phases
(FW, BW, CW, and CCW) and therefore are selectively respon-1350 Neuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc.sive to either translation or rotation. Twelve out of the sixteen
translation-/rotation-selective response types respond to
monocular stimulations but do not respond to one or more of
the binocular stimulations even though they would be expected
to do so based on their monocular response profiles (Figures 5A
and 5B). For example, FEL cells respond to NL/ and FW, but
not to CW, stimulations even though the left eye receives
nasalward motion during the CW stimulation, suggesting that
during the CW stimulation the response of this neuron type is
suppressed by the temporalward signal received by the right
eye (Figures 4C and 5A). Four out of the sixteen translation-/
rotation-selective response types respond exclusively to one of
the four binocular phases (FSP, BSP, CSP, and CCSP). Remark-
ably, we found that translation-selective cells (FW and BW) were
almost as abundant as simple DS cells. In contrast, there were
AB
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Figure 5. Frequency and Response Profiles of Functional Neuron Types
(A) Classification of 27 out of the 256 response types according to their proposed function (see Table 1). (Top) A histogram of the 27 classified response types
(‘‘simple,’’ blue, ‘‘translation/rotation-selective,’’ green). The remaining 229 response types were not further classified (‘‘unclassified,’’ red). (Middle) Response
profiles of the 27 types (compare Figure 4A). (Bottom) Functional classification and nomenclature. The simple DSmonocular response types and the translation-
selective response types (with the exception of BELR) were significantly more abundant than expected by chance according to a permutation test with shuffled
data (alpha = 0.05). The median Bonferroni corrected (n = 27), two-tailed p value for these eleven neuron types was 0.00043. Note the scarcity of binocular
rotation-selective responses (yellow and orange) compared to the binocular translation-selective ones (purple and green).
(B) (Top) Raster plot showing the average responses to the eight stimulus phases for all 3,015 recorded cells. Cells are ordered according to (1) the functional
response type classification (first 27 response types), (2) their computational complexity (remaining 229 response types), and (3) their correlation coefficient to the
corresponding regressor (within each response type). (Middle) The Boolean profile of each cell. (Bottom) The number of logical operations predicted for each
response type (same copper-color legend as in Figure 4D).
(C) Representation of the responses in a 2D space by Isometric Mapping. Dots represent the individual 3,015 cells. Neurons classified as simple monocular
DS and translation-selective, as well as the CSP and CCSP neuron types from the rotation-selective groups, are color-coded according to the legend on the
right (see also Table 1; UNCL. indicates unclassified). Axes are correlated with properties of the visual stimulus, namely a horizontal translation-selective and
a vertical rotation-selective axis (T and R) and diagonal axes that correspond to individual eyes and motion directions. Error bars indicate SEM. See also
Figures S1, S7, and S8.
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Optic Flow Processing in the Zebrafish Pretectumsubstantially fewer rotation-selective cells (CW and CCW)
(Figure 5A).
The remaining response types were collectively grouped as
‘‘unclassified’’ (31%, 156cells per fish, and0.7 cells per response
type and fish on average). Figure 5B shows a raster plot of the
identified cells from our recordings (n = 3,015 cells; six fish) or-
dered according to the 27 classified response types and accord-
ing to response type complexity for the remaining response
types. The raster plot shows that response patterns are very
distinct from each other and that the absolute response magni-
tudes are similar within and between different response groups.Isometric Mapping of the Responses Highlights
Separated but Overlapping Distributions of Distinct
Response Types
We next asked to what extent our assigned response types
represent discrete or continuous processing channels. To better
evaluate the quality of our classification, we applied a dimen-
sionality reduction approach based on the Isometric Mapping
algorithm (Tenenbaum et al., 2000). We remapped the eight-
dimensional (8D) space, where responses are represented by
8D vectors corresponding to the average DF/F values during
the eight stimulus phases (Figure S7), into a 2D embeddingNeuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc. 1351
Table 1. Summary of Response Types and Nomenclature
Functional neuron types: Mo: Monocular, Bi: Binocular, MS:Motion Sensitive, N: Nasalward, T: Temporalward, E: Excited by, L: Left Eye, R: Right Eye,
F: Forward translation, B: Backward translation, C: Clockwise rotation, CC: Counterclockwise rotation, SP: Specific.
Digital logic gates: :: NOT, ^: AND,n: OR.
Stimulations: NL: Nasalward motion in left eye, NR: Nasalward motion in right eye, TL: Temporalward motion in left eye, TR: Temporalward motion in
right eye.
Location in the brain: AMC, anterior medial cluster; ALC, anterior lateral cluster; AVC, anterior ventral cluster; PDC, posterior dorsal cluster. Clusters
were determined to be present if they were populated by more than 6 cells (for AMC and PDC) or 3 cells (for AVC and ALC) in either hemisphere.
N.D.: not determined.
Laterality index: for cells in AMC only, 1: left hemisphere, 1: right hemisphere.
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Optic Flow Processing in the Zebrafish Pretectumspace (Figure 5C). Most of the frequent response types classified
by the 256-regressor analysis appear well separated from each
other, supporting the conclusion that our response type classifi-
cation is, in principle, justified (Figure 5C). Furthermore, different
response types are remapped in the embedding space with the
two axes corresponding to the BW-FW direction and the CCW-
CW direction (Figures 5C and S8A), with responses more
concentrated along the BW-FW axis than the CCW-CW axis
(Figure S8B). In order to quantify the pair-wise overlap between
response types, we fitted 2D Gaussians to the distribution of
each response type in the embedding space (Figure S8C) and
computed a pair-wise overlap matrix (Figure S8D). Most of the
response type pairs (84%) are clearly separated from each other
with less than 5% overlap. Some of the neighboring pairs within1352 Neuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc.the FW-selective group showed a certain degree of overlap
(26% ± 29%, mean ±SD; for the BW-selective group: 28% ±
29%), revealing that the response profiles for these neuron types
tend to be less distinct from each other.
To further analyze the degree of separation between response
types, we testedwhether distributions of a given pair of response
types are better described by one-component (i.e., unimodal) or
two-component (i.e., bimodal) Gaussian models based on the
Akaike information criterion (Freeman and Dale, 2013) (Fig-
ure S8E). Although the FELR+FER and FELR+FEL joint distribu-
tions are more conveniently described as unimodal rather than
bimodal, for all the other pairs, the joint distributions were better
describedwith bimodal Gaussianmixturemodels, indicating that
these pairs are well separated from each other. Taken together,
Neuron
Optic Flow Processing in the Zebrafish Pretectumthe 256-regressor analysis and the Isometric Mapping analysis
show that a relatively small number of the 256 possible computa-
tions are implemented in theAPT and that our response types, for
the most part, correspond to discrete processing channels.
Translation-Selective Cell Classes Are Enriched in
Restricted Regions of the APT
Since RGC projections are completely crossed in fish, we ex-
pected that the simple monocular DS cells that respond to
left eye visual stimulation (nasalward motion in left eye
[MoNL] and temporalward motion in left eye [MoTL], Figure 5A;
Table 1) would reside in the right brain hemisphere and ones
that respond to right eye stimulation in the left brain hemi-
sphere, if the cells were directly postsynaptic to RGCs. Indeed,
the majority of monocular DS cells with responsiveness to
MoTL were found on the right side (Figure 6A; Table 1, laterality
index = 0.91). However, cells with responsiveness to the
opposite direction (i.e., monocular DS cells with responsive-
ness to MoNL) were found not only on the right side but also
on the left side (Figure 6B, laterality index = 0.29). The ipsilat-
eral MoNL population was less numerous, more restricted in
distribution than the contralateral population, and positioned
posterior to the contralateral population (mean positions for
contralateral population = 83.1 ± 1.4 mm versus ipsilateral pop-
ulation = 102.57 ± 1.1 mm along the AP axis; mean ±SEM
across cells from all animals; p < 0.0001, t test). The same ob-
servations were made for the mirror-symmetric right eye-sensi-
tive DS cells of MoNR and MoTR response types. In the
merged map (Figure 6C), the anatomical clusters AMC, ALC,
and AVC are apparent. While the AMC contains all four simple
monocular DS neuron types, plus many other types (see
below), the ALC and AVC are almost exclusively populated
by simple monocular DS cells. In the ALC, MoNL and MoNR
cells were located more ventrally than MoTL and MoTR cells,
showing a gradient of direction selectivity along the DV axis
(Figures S9A and S9B).
We next examined the distributions of translation-/rotation-
selective cells, which exhibited more complex response profiles
than the simple class. FW- and BW-selective cells were distrib-
uted in smaller bilateral regions within the AMC (Figures 6D–6F
and S9). BW-selective cells were more broadly distributed than
the FW-selective cells within the AMC (SD for the anterior-
posterior distribution equals 12.0 mm for FW-selective and
17.4 mm for BW-selective cells), and the center of the FW-selec-
tive cells was 9 mm more lateral than that for BW-selective cells
(p < 0.0001, t test). In contrast, the sparse CW- and CCW-selec-
tive cells were broadly distributed across the entire 3D map,
except in the proximity of the PDC, where cells were more clus-
tered (Figure S9C). Together, the 3D mapping of response types
suggests that simple monocular DS cells are widely distributed
across all identified anatomical clusters, and more complex
response types are mostly restricted to AMC and PDC and
furthermore confined to subregions within the AMC.
DISCUSSION
We localized the brain region mediating the horizontal OKR by
using optogenetic manipulation and identified the pretectalarea (APT) in larval zebrafish. By systematic analysis of calcium
responses to an array of optic flow stimuli in the horizontal plane,
we determined the functional architecture of this brain region.
The vast majority of the APT neurons recorded were direction
selective. Both monocular and binocular stimuli were tested;
among the binocular stimuli, we used rotational and translational
motion phases. Cells were classified according to their response
profiles into monocular (simple) and binocular (simple, transla-
tion-selective, and rotation-selective) cells. Only a small subset
(eleven major and additional less-frequent types) of the 256
possible response combinations (in the horizontal plane) was
encountered, showing that the APT performs highly specific
computations. Many cells combine inputs from both eyes to
process and distinguish between rotational and translational
whole-field motion.
Channelrhodopsin (ChR2) stimulation of the APT induced hor-
izontal OKR-like eye movements. This effect is unlikely to be
caused by direct stimulation of motor neurons controlling hori-
zontal eye movements. The abducens nucleus can be ruled
out based on its location in the hindbrain. The oculomotor
nucleus, on the other hand, might reside partly within the photo-
stimulated volume. However, the oculomotor nucleus contains
motor neurons controlling only one of the two extraocular mus-
cles that move the eyes in the horizontal plane (ipsilateral medial
rectus), and unilateral activation of these motor neurons would
therefore be expected to only move the ipsilateral eye in
nasalward direction. In contrast, we observed conjugate eye
movements in both nasalward and temporalward directions.
Therefore, this indicates that the OKR-like behavior was trig-
gered upstream of motor neurons. Halorhodopsin silencing of
the APT blocked the OKR, whereas tectum inactivation had no
effect on the OKR, consistent with earlier laser ablation results
(Roeser and Baier, 2003).
The direction of eye movements induced by ChR2 stimulation
resembled those resulting from ipsiversive optic flow, which is
consistent with results reported in other vertebrate species,
where the pretectum contains only ipsiversive-responsive DS
cells. Unilateral electrical stimulation (Collewijn, 1975; Schiff
et al., 1988) or lesion (Cazin et al., 1980; Gioanni et al., 1983;
Kato et al., 1988; Precht and Strata, 1980; Schiff et al., 1990)
of the pretectum affects ipsiversive slow-phase eye move-
ments. However, as reported for other teleosts (Klar and
Hoffmann, 2002; Masseck and Hoffmann, 2009a), we found
both ipsiversive- and contraversive-responsive cells in each
hemisphere. In turtles, there is evidence that the ipsiversive-
sensitive cells are essential for the OKR, while the contraver-
sive-sensitive cells only modulate it (Fite et al., 1979). Our
optogenetic experiments suggest that the situation is similar in
larval zebrafish.
Our temporal frequency tuning analysis showed that most
cells maximally responded to 2 or 4 cycles/s, which corresponds
to stimulus velocities of 60/s and 120/s, respectively. Previous
studies show that the slow phase velocity of the OKR behavior
peaks at a stimulus velocity of around 30/s –50/s in larval ze-
brafish (Huang et al., 2006; Qian et al., 2005). The difference
could be due to different velocity tuning between physiological
responses and behavior, the use of different stimulation proto-
cols (e.g., spatial frequency or monocular versus binocularNeuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc. 1353
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Figure 6. Spatial Organization of Simple Monocular DS Cells and Translation-Selective Cells
(A and B) Dorsal view of simplemonocular DS cells reconstructed in a 3Dmap and responsive to temporalwardmotion in left eye (MoTL) (A) and nasalwardmotion
in left eye (MoNL) (B). The Boolean profiles of the response types are shown at the top. Cell counts along the anterior-posterior (AP) axis are shown in the
histograms at the top and bottom, representing right and left hemispheres, respectively.
(C) Reconstructed 3D map of all simple monocular DS neuron types. Dorsal view (left) and frontal view (right). Stacked histograms are shown corresponding to
each axis.
(D and E) Dorsal views of reconstructed 3Dmaps of (D) forward (FW)- and (E) backward (BW)-selective groups. All four response types within the FW or BWgroup
are pooled. All simple monocular DS cells are shown in light gray in the background.
(F) Dorsal view of the reconstructed 3Dmap of all neuron types within the FW-selective group. Results from six fish are pooled in all panels. In all panels, each dot
represents a single cell, and its color is alpha-coded according to its correlation coefficient to the corresponding regressor (see alpha-gradient legends).
Anatomical landmarks (gray) are same as in Figure 2E. See Table 1 for nomenclature. See also Figure S9. A indicates anterior; P indicates posterior; R indicates
right; L indicates left; D indicates dorsal; V indicates ventral.
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Optic Flow Processing in the Zebrafish Pretectumstimulation), or a combination of both. Further research is
needed to characterize the visual response properties of individ-
ual neuron types in more detail (e.g., in order to determine their
receptive field sizes and their directional tuning along the four1354 Neuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc.cardinal directions) (Simpson et al., 1988; Klar and Hoffmann,
2002; Masseck and Hoffmann, 2009a; Hunter et al., 2013).
We identified four anatomical clusters that contained the
majority of optic flow-responsive cells. The AMC contains the
Neuron
Optic Flow Processing in the Zebrafish Pretectummajority of the DS cells recorded in this study and is located
directly ventral to the optic tectum. We propose that the AMC
corresponds to the region that previous authors referred to as
‘‘APT’’ (Fite, 1985; Klar and Hoffmann, 2002; Masseck and Hoff-
mann, 2008, 2009a). In a detailed analysis of OKR and OMR
performance in zebrafish mutants affecting the retinofugal pro-
jections to different arborization fields (AFs), it was hypothesized
that AF4 and/or AF9 mediate the OKR and/or OMR in larval ze-
brafish (Muto et al., 2005). Consistent with this hypothesis, the
AMC envelops AF9, can elicit OKR-like behavior, and is largely
direction selective. The ALC and AVC are separated from the
AMC by a region that is only sparsely populated with DS cells;
however, their response profiles (mainly simple cells) suggest
that these clusters are also part of the APT. Fish possess a
migrated pretectal region, known as M1, which lies ventrolateral
to the tectum (Mueller and Wullimann, 2002; Ronneberger et al.,
2012), in a similar position to the ALC. It is possible that the ALC
corresponds toM1. The identity of the PDC is less clear, since its
center is 90 mm caudal to the center of the AMC. The PDC
largely overlaps with the dorsally located extraocular motoneu-
rons labeled in the isl1:GFP line, and to a lesser extent with the
ventrally located extraocular motor neurons (vEMNs) and the
nMLF. This location suggests that the PDC is involved in premo-
tor processing and, furthermore, contains motor neurons. The
PDC shows smaller DF/F amplitudes and has a less sharp tem-
poral frequency tuning profile than the AMC.We suggest that the
PDC is not part of the APT, but rather is downstream of it and is
involved in derived premotor computations.
The logical operations each response type performs allow hy-
potheses concerning possible circuit connections. We assem-
bled parsimonious wiring diagrams (Figure 7; Table 1) taking
into account the frequently observed response types (R15
cells/fish), their spatial distribution, and the assumption of a
minimal number of connections andmidline crossings. Although,
for simplicity, we have omitted rare response types, we are
aware that the abundance of cells is not a definite criterion for
functional components in a circuit (i.e., rare cell types can have
a critical role in circuit computation and behavior).
During rotational motion, the major active neuron types are
monocular simple neurons, namely MoNL, MoTR, MoNR, and
MoTL (Figures 7A, 7B, and 5A). No logical operation is required
to construct their response profile, suggesting that they may
receive excitatory input from DS RGCs and relay the retinal slip
signal to higher-order neurons. MoNL and MoNR (but not
MoTL and MoTR) are found not only on the contralateral side
of the visually stimulated eye but also on the ipsilateral side.
Similar results have been reported in rat (Ferrari et al., 2009). It
is possible that the contralateral MoNL and MoNR cells cross
the midline via a commissural pathway (posterior commissure)
to innervate ipsilateral MoNL and MoNR cells, respectively. In
the opossum, the absence of immunohistochemical anti-GABA
staining in the commissure connecting the two NOT nuclei sug-
gested that information from the ipsilateral eye is made available
via excitatory commissural projections to ipsilateral neurons
(Pereira Ju´nior et al., 1994; Vargas et al., 1997). In zebrafish,
the connectivity might be similar, as proposed in Figures 7A
and 7B. Although each brain hemisphere contains separate
monocular simple cells coding for both eyes (temporalwardmotion signal of the contralateral eye and nasalward motion
signal of the ipsilateral eye), this information is only scarcely
combined in the APT to constitute rotation-selective cells (only
29 rotation-selective cells per fish, distributed over eight
response types). Since the DS information from the two eyes is
mostly not combined to constitute cells specifically active during
rotational motion, rotational motion and rotational OKR appear
to be computed largely by monocular simple cells in the APT.
In contrast, during translational motion, translation-selective
cells are active in addition to the simple cells (about 160 transla-
tion-selective cells per fish) (Table 1; Figures 7C and 7D). Since
these cells are suppressed during rotational stimulation, they
are likely inhibited by the abundant simple cells that respond to
the motion sensed by the other eye during rotation (e.g., FEL is
inhibited byMoTR during CWmotion) (Figures 7A and 7B). These
cells integrate the information from the two eyes and apparently
have binocular receptive fields, being excitatory for one eye and
inhibitory for the other (except for FSP andBSP, where both eyes
have an excitatory effect), and we therefore consider these cells
to be ‘‘binocular.’’ It is expected that binocular translation-selec-
tive cells are inhibited during particular monocular stimulations
(e.g., FEL cells would be inhibited during the/TR phase). How-
ever, due to the insensitivity of calcium indicators to inhibition of
resting neurons, we could not detect this hypothetical inhibitory
input, which could be demonstrated by intracellular electrophys-
iology in the future. During FW and BW motion, neural activity
switches between the forward- and backward-selective net-
works, and these networks potentially mediate the optomotor
forward swimming and turning behavior that is observed during
FW and BW motion (Orger et al., 2008), respectively. The FSP
cells exclusively respond to FW motion, and their response pro-
file could be generated by combining FER and FEL with an AND
operation (Figure 7C). (However, it is also possible to generate
the FSP response profile by combining MoNL and MoNR with
an AND operation.) The nature of the AND operation is not
known: it could be achieved by thresholding, multiplying, or
summating the two inputs (FER and FEL), as illustrated in Fig-
ure 7C. Alternative mechanisms are plausible (e.g., mechanisms
including inhibitory, tonically active neurons, which stop firing
during particular stimulus phases). Due to our use of a main re-
gressor that is active during motion stimulation, our analysis
was blind toward such tonically active cells. Using a regressor
that is inactive during the motion phases, we investigated in
two animals whether such tonically active cells are present
(unpublished observations). While abundant light-OFF-respon-
sive cells complicated the analysis, we only found six to seven
tonically active cells per fish, suggesting that tonically active
cells, which are suppressed during motion, play a minor role in
the APT.
Our study reports binocularly responsive neurons within the
teleostean APT. Subpopulations of neurons in the pretectum
and the AOS were found to display binocular translation and
rotation sensitivities in pigeons (Wylie, 2000; Wylie and Frost,
1990). In frontal-eyed mammals, binocular neurons are abun-
dant in the NOT/DTN, established either by inputs from the cor-
tex (Markner and Hoffmann, 1985) or by intrinsic contralateral
projections within the pretectum (Ferrari et al., 2009; Pereira
Ju´nior et al., 1994; Reber et al., 1991). The binocular neuronsNeuron 81, 1344–1359, March 19, 2014 ª2014 Elsevier Inc. 1355
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Figure 7. Proposed Circuit Model for Processing of Binocular Optic Flow in the Pretectum
(A–D) Proposed circuit model for processing (A) CW, (B) CCW, (C) FW, and (D) BW motion by the eleven most frequent functional neuron types (see Table 1).
Boxes and ovals indicate simple and translation-/rotation-selective classes, respectively. Open and filled objects represent active and inactive states of cells,
respectively. Arrows indicate putative excitatory and inhibitory connections.
(A) During CWmotion, nasalwardmotion in the left eye and temporalward motion in the right eye activate MoNL andMoTR, respectively. FEL and BER, which are
active during FW and BW phases but not during CW phase, are inhibited by MoTR and MoNL, respectively.
(B) During CCWmotion, nasalward motion in the right eye and temporalward motion in the left eye activate MoNR and MoTL, respectively. FER and BEL, which
are active during FW and BW phases but not during CCW phase, are inhibited by MoTL and MoNR, respectively.
(C) During FWmotion, nasalwardmotion in the left and right eyes activates MoNL andMoNR, and then FEL and FER, respectively. This allows further activation of
FELR, FSP, and the contralateral population of FEL and FER.
(D) During BW motion, temporalward motion in the left and right eyes activates MoTL and MoTR, and then BEL and BER, respectively. This allows further
activation of BSP and contralateral population of BEL and BER. Position of neuron types reflects their laterality in the brain (see laterality index in Table 1). Gray
lines denote the midline. See Table 1 for the nomenclature of the response types and Discussion for detail. LE indicates left eye; RE indicates right eye.
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Optic Flow Processing in the Zebrafish Pretectumin the zebrafish APT are, for the most part, different from these
binocular neurons in other species in that the binocular interac-
tions are mediated by inhibitory interactions. The inhibitory
nature of the binocularity in many translation-selective cells,
as well as the scarcity of binocular rotation-selective cells, might
have caused binocular processing to be overlooked in previous
studies in fish.
Why is the degree of binocularity different between rotational
and translational motion processing in the APT? We suggest
that the difference in computation could be related to the
fact that an animal has two eyes and one body and that
translation evokes largely body movements and rotation largely
eye movements. During whole-field stimulation, the two eyes
can move independently to some degree in zebrafish (Qian
et al., 2005; Rinner et al., 2005) as in other fish species
(Fritsches and Marshall, 2002). To control movement of one
eye, it is useful to retain monocular information in the APT.
The yoking of both eyes during monocular stimulation, which
occurs in zebrafish, would be generated further downstream
(e.g., brain regions such as the cerebellum, inferior olive, the
hindbrain integrator for horizontal eye movements, and vestib-
ular or motor nuclei). In contrast, during the OMR, a single
direction of swimming needs to be determined based on the
combined information from both eyes in order to drive forward
swimming or near-180 turning during forward and backward
translational motion, respectively (Orger et al., 2008). We hy-
pothesize that the decision to swim forward (or turn around)
is made early in the APT and passed on to reticulospinal neu-
rons that control locomotion. Although we note that rotational
motion can also induce directional changes of the body
involving turns, this difference in ethological demands could
underlie the different degrees of binocularity between rotational
and translational motion.
The digital logic approach allowed us to thoroughly analyze
the multidimensional response profiles (left eye, right eye, nasal-
ward, temporalward, monocular, and binocular) and determine
the specificity of APT’s responses. The APT, although consid-
ered still a sensory area, appears to be geared toward behavioral
function, since a substantial population of cells (30%) had a
preference for just one particular binocular stimulus (namely,
FW or BW). The specific wiring diagrams derived from our anal-
ysis provide a springboard for understanding how whole-field
motion is computed within the APT at the circuit level. Future
studies will identify neurotransmitter phenotypes and explore
the synaptic connectivity of the identified cells.EXPERIMENTAL PROCEDURES
All animal procedures conformed to the institutional guidelines of the Max
Planck Society, the University of Freiburg, and the local governments
(Regierung von Oberbayern, Regierungspra¨sidium Freiburg).
Optical stimulation and OKR assay were performed using the transgenic
fish lines Tg(UAS:ChR2(H134R)-mCherry)s1986t; Tg(UAS:NpHR-mCherry)
s1989t; Et(E1b:Gal4-VP16)s1101t as described previously (Arrenberg et al.,
2009; Schoonheim et al., 2010). Calcium imaging was performed using a
two-photon microscope setup based on a MOM microscope (Sutter Instru-
ments) and the HuC:GCaMP5G (Tg(elavl3:GCaMP5G)a4598) line (Ahrens
et al., 2013). Moving gratings were presented using four LED panels surround-
ing the animal. LEDs were only ON during the fly-back time of the scanningmirrors. For correlation analysis of calcium image time series, we used
custom Matlab scripts based on Miri et al. (2011). 3D mapping of recorded
cells was performed by registering the 2D recordings to a Z stack using a
custom-written Matlab script. Detailed methods are available in the Supple-
mental Experimental Procedures.SUPPLEMENTAL INFORMATION
Supplemental Information includes nine figures, one table, five movies, and
Supplemental Experimental Procedures and can be found with this article
online at http://dx.doi.org/10.1016/j.neuron.2014.02.043.
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